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from host 

K1 
measleet 

programmable 

parabolic parameters 

FREQ Mu LIPLICATION 304 
f CLK 

--- FREODIV 

FREO DV BY f(VBAT) 
BY K. 3O2 
301 o 

to FE 

GATE DRIVER 303 CODE 

ADC LED desired 

programmable 
reg 

V BAT from host 

  

    

    

  

    

  

  

  

  

  

  

  



US 2016/0253951 A1 Sep. 1, 2016 Sheet 1 of 14 Patent Application Publication 

GO?I 

1mo CET 

IV@TA 

  



Patent Application Publication Sep. 1, 2016 Sheet 2 of 14 US 2016/0253951 A1 

*::::::::::::::::::::::::::::::::::::::::::::::::::::: .................................................................................................. 

  



US 2016/0253951 A1 Sep. 1, 2016 Sheet 3 of 14 Patent Application Publication 

  



US 2016/0253951 A1 

OOA 

Sep. 1, 2016 Sheet 4 of 14 

3?u 

IwgTA 3.GOO DOI\f 

IX 

Patent Application Publication 

    

  



US 2016/0253951 A1 Sep. 1, 2016 Sheet 5 of 14 Patent Application Publication 

IX 

dVNOTA – IwgTA 

ESNES 

  

  

  

  



Patent Application Publication Sep. 1, 2016 Sheet 6 of 14 US 2016/0253951 A1 

-- 

  



US 2016/0253951 A1 Sep. 1, 2016 Sheet 7 of 14 Patent Application Publication 

9 (31+ 

3C]OOTOG\, 

  

  

  



US 2016/0253951 A1 Sep. 1, 2016 Sheet 8 of 14 Patent Application Publication 

as: 

w8 : 

(Lvg|A)u?ia - (LVAADA uonoun? onprsou ou. Jo unuoj o?loqeued 

  



575 

573 

33}} 

Patent Application Publication 

  



GZ63.GOOTOG\f 

Patent Application Publication 

  

    

  

  

  

  



US 2016/0253951 A1 Patent Application Publication 

  

  



US 2016/0253951A1 Sep. 1, 2016 Sheet 12 of 14 Patent Application Publication 

ZO?I?I TO?I 

  



US 2016/0253951 A1 Sep. 1, 2016 Sheet 13 of 14 Patent Application Publication 

  

  

  



US 2016/0253951 A1 Sep. 1, 2016 Sheet 14 of 14 Patent Application Publication 

  



US 2016/0253951 A1 

LED DRIVER CIRCUIT WITH REDUCED 
EXTERNAL RESISTANCES 

FIELD OF INVENTION 

0001. The field of invention pertains generally to elec 
tronic circuitry and more specifically to an LED driver circuit 
with reduced external resistances. 

BACKGROUND 

0002 Computing systems configured for use by a user 
typically include a display for presenting information to the 
user. A common display type is a light emitting diode (LED) 
display that arranges a number of LEDs in an array and 
manipulates signals provided to the LEDs to control the spe 
cific content presented on the display. Like many peripheral 
devices, a display such as an LED display has a mixture of 
digital and external analog electronic components. As a gen 
eral rule, Solutions having external analog electronic compo 
nents are more expensive to implement than solutions inte 
grated entirely on a single semiconductor chip. As such, lower 
cost solutions are obtainable where the use of external analog 
components can be mitigated in favor of digital circuitry. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0003) A better understanding of the present invention can 
be obtained from the following detailed description in con 
junction with the following drawings, in which: 
0004 FIG. 1a shows a schematic depiction of a prior art 
LED driver circuit; 
0005 FIG. 1b shows a schematic depiction of inductor 
current of the LED driver circuit of FIG. 1a, 
0006 FIG. 2 shows an improved LED driver circuit; 
0007 FIG.3 shows an embodiment of a gate driver circuit 
of the improved LED driver circuit of FIG. 2: 
0008 FIG. 4 shows an embodiment of a first frequency 
division stage of the gate driver circuit of FIG. 3; 
0009 FIG. 5 shows a graphical depiction of f(VBAT) as a 
function of ADC CODE: 
0010 FIG. 6 shows an embodiment of second frequency 
division stage of the gate driver circuit of FIG. 3; 
0011 FIG. 7 shows a graphical depiction of a parabolic 
residue correction for the second frequency division stage of 
FIG. 6; 
0012 FIG. 8 shows an embodiment of a primary fre 
quency divider of the second frequency division stage; 
0013 FIG.9 shows an embodiment of a residue frequency 
divider of the second frequency division stage; 
0014 FIG. 10 shows an embodiment of an over protection 
circuit; 
0015 FIG. 11 shows a method performed by the improved 
LED driver circuit; 
0016 FIG. 12 shows an embodiment of a computing sys 
tem that incorporates an LED driver circuit such as any of the 
embodiments of the improved LED driver circuit discussed 
herein. 
0017 FIG. 13 shows a schematic depiction of inductor 
current of an LED driver circuit of (Appendix I. Appendix II). 

DETAILED DESCRIPTION 

0018 FIG. 1a shows a prior art LED driver circuit 100. An 
LED driver circuit 100 is a circuit designed to drive a number 
of LEDs 101 arranged in series. A serial arrangement of LEDs 
are commonly found, for example, in LED display devices 
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that include an array of LEDs. A string of LEDs arranged in 
series may correspond to a section of a row or column within 
the LED array. 
0019. As each LED in series has its own respective for 
ward Voltage, the total Voltage needed across the chain of 
LEDs may exceed the supply voltage of the system. For 
example, a computer may be designed to include a 1.8 V 
supply voltage (V BAT). A string of 8 LEDs each having a 
forward voltage of 0.4V would, however, require a voltage of 
3.2 V (V LED) to be applied across the entire LED string 
101. 

0020. As such the LED driver 100 is designed to imple 
ment a “boost circuit that uses an inductor L to "boost the 
lower system Supply Voltage (e.g., 1.8 V) up to a higher 
voltage (e.g., 3.2 V). As observed in FIG. 1a, the LED driver 
circuit 100 includes a semiconductor chip 102 and external 
components (e.g., inductance L, LEDS 101, etc.). The semi 
conductor chip 102 includes a gate driver circuit 103 that 
turns a power FET Q“on” or “off depending on whether the 
inductor L is storing charge (charging) or releasing charge 
(discharging). 
0021 Here, inset FIG. 1b depicts an example 111 of the 
inductor current as a function of time. Initially, the FET Q is 
turned “on” by the gate driver 103. The turning of the FET Q 
on pulls current I through the inductor L which causes the 
current through the inductor to "ramp up' over charge time 
Tchg. When the current through the inductor reaches a pre 
determined peak value I peak, the gate driver circuit 103 
turns FET Q “off” after which the inductor L releases its 
charge into capacitor C over discharge time Tdis. The peak 
current I peak is understood to be a function of inductance L. 
supply voltage, characteristics of FET Q, the number of 
LEDs, the size of capacitance C, etc. AS Such, the gate driver 
103 can be designed/confifgured to simply turn FET Q “off 
after time Tchg has passed after FET Q is turned “on”. 
0022. Over the course of Tdis while the inductor L dis 
charges into capacitor C, the Voltage on node 104 rises above 
the value of the supply voltage V BAT (which may be pro 
vided by a battery). This effect corresponds to the supply 
voltage “boost’’ that is provided by the boost circuit. Some 
time after the FET Q was first turned on and after the inductor 
has discharged the process repeats with the gate driver circuit 
103 turning FET Q back “on”. As such, as observed in FIG. 
1b, the inductor current has a periodicity of Tsw. Said another 
way, the LED driver circuit 100 operates with a frequency 
f Sw=1/Tsw. 
0023 The intensity at which the LEDs will emit light is 
proportional to the inductor currents frequency of operation 
f Sw. Comparing exemplary signal 111 with exemplary sig 
nal 112, note that exemplary signal 112 has a higher fre 
quency of operation f SW than exemplary signal 111. By 
increasing the frequency of operation of the circuit, the Volt 
age on node 104 will be “boosted more frequently resulting 
in a higher voltage on node 104. Thus if the frequency of the 
circuit 100 increases the voltage on node 104 will rise. Con 
tra-wise, if the frequency of the circuit 100 decreases the 
voltage on node 104 will fall. 
(0024. The intensity of the light emitted by the LEDs 101 is 
controlled through a feedback loop implemented with a first 
comparator circuit 105 and an external resistor R1. Here, the 
intensity of the light emitted by the LEDs 101 is proportional 
to the current that flows through the LEDs 101. The current 
that is flowing through the LEDs 101 is effectively measured 
by measuring the Voltage across external resistor R1 that is in 
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series with the LEDs 101. The measured voltage is compared 
by comparator 105 against a reference voltage that corre 
sponds to the desired LED intensity. 
0025 If the measured voltage is less than the reference 
Voltage, comparator circuit 105 sends a signal to the gate 
driver 103 that causes its frequency of operation f Sw to 
increase (thereby raising the Voltage on node 104 and driving 
more current through the LEDs 101). If the measured voltage 
is greater than the reference Voltage, comparator circuit 104 
sends a signal to the gate driver 103 that causes its frequency 
of operation to decrease (thereby lowering the Voltage on 
node 104 and driving less current through the LEDs 101). 
Eventually the voltage across R1 will stabilize approximately 
at the reference voltage which corresponds to the desired 
current driven through the LEDs 101 for a desired emitted 
light intensity. 
0026. The LED driver circuit 100 of FIG. 1 also includes 
two protective features. A first protective feature, referred to 
as “current overprotection' prevents the inductor from stor 
ing too much current (for Subsequent discharge into capacitor 
C). Here, when FET Q is “on” and pulling current through 
inductor L, a second comparison circuit 106 measures the 
Voltage across a second external resistor R2. Here, when the 
Voltage across R2 reaches a value that corresponds to a maxi 
mum permissible current, comparator 106 sends a signal to 
the gate driver circuit to turn FET Q“off. Note that conceiv 
ably the second comparator 106 could also be used to detect 
I peak and cause the circuit to transition from inductor charge 
(FET Q “on”) to inductor discharge (FET Q “off”) during 
normal operation. 
0027. Another protective feature is “open LED detection”. 
Open LED detection detects if one or more LEDs are no 
longer working in which case the voltage on node 104 will be 
larger than designed for. As such, open LED detection acts to 
reduce the voltage on node 104 by causing the gate driver 103 
to turn FET Q off and shut the circuit down. A third compara 
tor circuit 107 and external resistance R3 is used to perform 
open LED detection. Here, a reference voltage is provided to 
comparator circuit 107 that corresponds to the voltage that 
should appear on node 104 if all the LEDs are working. If at 
least one LED fails, the voltage on node 104 will rise above 
the reference voltage in which case comparator 107 will send 
a signal to the gate driver circuit 103 which will shut the 
circuit down. 

0028. A problem is that the external resistances R1, R2 
and R3 cause the entire driver circuit 100 to have increased 
cost owing to the increased circuit board Surface area con 
Sumption and increased bill of materials parts count/cost. 
0029 FIG. 2 shows an improved circuit that has only one 
external resistance R and yet still includes the features of a 
working LED driver circuit including current overprotection 
and open LED detection. As will be more clear in the follow 
ing description, the circuit of FIG. 2 relies on a novel theo 
retical realization of LED driver circuitry that permits the use 
of digital processing circuitry instead of multiple comparator 
based feedback loops that rely on external resistance as with 
the prior art circuit of FIG. 1a. 
0030. With respect to the setting of LED intensity values, 
Appendix I provides a detailed theoretical proof that demon 
strates that the “correct frequency of operation f sw for a 
desired LED intensity can be expressed as: 

f sw=Af.clk. LED desired Eqn. 1 
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where 
LED desired is the desired LED intensity, f clk is the fre 
quency of the LED driver circuits master clock and 

0031. For A above: 1) R is the resistance of the external 
resistor observed in FIG. 2; 2) V LED is the forward voltage 
across the string of LEDs (e.g., 8 LEDsx0.4V/LED=3.2 V): 
3) Vfd is the forward voltage across the schottky diode D; 4) 
V BAT is the supply voltage; 5) I max is the current driven 
through the LED string when the emitted LED intensity is at 
a permitted maximum; 6) V CMP is the voltage drop across 
resistor R when the inductor current is at its peak (I peak); 7) 
K1 is the number of master clock cycles needed to reach 
I peak after FET Q is turned on; and, 8) N is the total number 
of different LED intensity settings. 
0032. From Eqn. 1, the correct frequency of operation of 
the circuit can be directly determined for any desired LED 
intensity simply by multiplying the desired LED intensity by 
A. From Eqn. 2. A can be more easily put into a form that can 
be readily be reproduced with electronic circuitry as: 

A=(1/K1)*(1, f(VBAT)) Eqn. 3 

where 

(V LED+Vfd-V BAT)* I max). Eqn. 4 

Substitution of Eqn. 3 into Eqn. 1 yields: 
f sw=(1/K1)*(1/f(VBAT)f clk. LED desired Eqn. 5 

0033 which provides the primary function of the gate 
driver circuit 203 of FIG. 2. That is, the gate driver circuit 203 
of FIG. 2 receives a master clock signal having a frequency of 
f clk along with some parametric values to establish division 
by K1 and division by f(VBAT) as well as receives the desired 
LED intensity. In response to its receipt of these input signals/ 
values, the gate driver circuit 203 generates the on/off signal 
for FET Q having the correct frequency for producing the 
desired LED intensity. 
0034 FIG. 3 shows a more detailed embodiment 303 of 
the gate driver circuit 203 of FIG. 2. Here, a master clock 
having frequency f. clk is provided to a first divider circuit 
301 that divides f clk by a constant K1. The output of the first 
divider circuit 301 is then provided to a second divider circuit 
302 that further divides the frequency of the signal down by 
f(VBAT). 
0035. Thus, the frequency of the output signal of the sec 
ond divider circuit 302 corresponds to (1/K1)* (1/f(VBAT)) 
*f clk. The output of the second divider circuit 302 is then 
provided to a frequency multiplier circuit 304 that multiplies 
the frequency of the output signal from the second divider 
circuit 302 by the desired LED intensity (LED desired). The 
frequency multiplier circuitry 304 may be implemented, e.g., 
with a phase locked loop circuit or delay locked loop circuit 
having a divider in its feedback path that is set equal or 
equivalent to the desired LED intensity. The output of the 
entire channel of the gate driver 303 of FIG. 3 will produce a 
signal having a frequency f SW that is the correct frequency at 
which to switch FET Q “on” for the desired LED intensity. 
0036. As described in more detail further below, the K1 
division factor is determined by an on-chip measurement 
circuit that monitors the SENSE input that is coupled to 
external resistor R, the f(VBAT) division is determined from 
a number of parametric values that are programmed into the 
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chip and a digital representation of the V BAT Voltage. The 
desired LED intensity is also programmed into register space 
of the circuit. 
0037 FIG. 4 provides an embodiment 401 of the first 
divider circuit 301 that frequency divides by a factor of K1. 
K1 is determined by a measurement circuit 410 that counts 
the number of master clock cycles needed to ramp the induc 
tor current from a value of 0 when FET Q is first turned on to 
a value of I peak at which FET Q is turned off. Thus, K1 is a 
measurement of Tchg which in turn is effectively a measure 
ment of the inductive time constant and is the mechanism by 
which the value of the inductance L works its way into Eqn. 
2. Measurement circuit 410 is implemented with a counter 
that begins counting master clock cycles as soon as FET Q is 
turned on by the gate driver circuit and stops counting as soon 
as the inductor current ramps to I max (which is detected by 
monitoring the SENSE input that is coupled to resistance R). 
The start of the count is synchronized with the gate driver 
output turning on FET Q. The counting is stopped with a 
comparator recognizes that the Voltage drop across R is equal 
to R*(I peak)=V CMP. The first comparator therefore 
receives a reference voltage of V BAT-V CMP. V. CMP is 
understood to be a predefined setting based on the value of R 
and a predetermined/desired value of I peak. It may be 
entered through programmable register space (not shown) 
0038. The first divider circuit 401 also includes a program 
mable divider 411 that receives the value K1 directly. Upon 
the programmable divider 411 being loaded with a specific 
value for K1, the programmable divider 411 will divide the 
frequency of the input signal by K1. For example, if a value of 
K1=50 is programmed into divider 411, the programmable 
divider 411 will trigger a new cycle at its output every 50" 
cycle observed at its input 
0039. As mentioned above, referring back to FIG. 2, the 
second frequency divider circuit 302 divides the frequency of 
the output signal from the first frequency divider 301 by 
f(VBAT). That is, the second frequency divider 302 attempts 
to divide the frequency of the clock signal generated by the 
first divider 301 by an amount that is expressed in Eqn. 4 and 
which is repeated below as Eqn. 6a for convenience. 

0040. A design technique to simplify the f(VBAT) divi 
sion includes graphically approximating f(VBAT) as a linear 
function of V BAT where V BAT is provided by an analog to 
digital converter (ADC) that receives the actual V BAT Sup 
ply Voltage. More precisely, Eqn. 6a above is approximated 
aS 

0041 where m is the slope and b is the vertical axis inter 
cept of a line that is graphically plotted as a function of the 
ADC output ADC CODE. Integer approximations of the 
slope m and the vertical axis intercept b are determined from 
a graphical plot of Eqn.6b and programmed into the f(VBAT) 
division circuitry (here, division is more straightforward with 
integer values). Additional “residue' division circuitry is also 
instantiated to approximately correct for any error introduced 
by the integer approximations of mandb. A specific example 
is described more thoroughly immediately below. 
0042 Consider a specific exemplary situation in which 
V BAT has an operational range from 2.8V to 5.2V. In this 
case, a five bit ADC can easily express the different V BAT 
voltage levels. Here, 5.2V-2.8V=2.4V is the voltage spread 
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of V BAT. Designing an ADC to increment one output code 
bit every 0.1 V would correspond to an ADC having an output 
bit width large enough to express 24 different values (2.4 
V/0.1 V=24). As such, a five bit ADC (which has 25–32 
different output codes) could easily express these 24 different 
values. Centering the 2.8 V to 5.2 V BAT Voltage range 
across the 32 ADC output values would correspond to the low 
end V BAT value of 2.8V producing an ADC output value of 
00010-4, and, the high end V BAT value of 5.2V producing 
an ADC output value of 11010–28. That is, of the seven 
“unused' ADC output code values, the lowest four are put on 
the low end (0 through 3) and the highest three are put on the 
high end (29 through 31). 
0043 Consider the following additional characteristics of 
the instant example: 1) there are 8 LEDs having a total 
V LED of 3.15V: 2) Vfd of the Schottky diode D is 0.6V:3) 
V CMP is 0.2V; and, 4) I max is 0.04 Amps. Plugging these 
values into Eqn. 6a above and then plotting them as a function 
of the ADC code values for V BAT discussed just above 
yields the graph observed in FIG. 5. As the observed trend is 
Substantially linear, straightforward linear analysis from the 
plot of FIG. 5 yields an approximation for Eqn. 6b as follows: 

f(VBAT)=(6.2% ADC OUTPUT CODE)+90.372 Eqn. 7 

0044 Thus, for this particular example, the second fre 
quency divider 302 could be designed to divide the frequency 
of the signal received from the first frequency divider 301 by 
an amount expressed by Eqn. 7. Unfortunately, division by 
fractional amounts is not entirely straightforward. Hence, 
according to one embodiment, the f(VBAT) frequency divi 
sion is performed by a number of frequency division stages, a 
first which performs fairly straight forward integer division 
according to: 

First f(VBAT) Division=(6* ADC OUTPUT 
CODE)+90 Eqn. 8a 

0045 and a second division that attempts to correct for the 
simplification of Eqn. 8a by dividing by a “residue” amount 
expressed as 

Second f(VBAT) Division=Eqn. 5-Eqn. 6a Eqn. 8b 

0046. Here, Eqn. 8a corresponds to the “primary' integer 
division for simpler divider circuitry and Eqn. 8b corresponds 
to the residue correction that is applied to the primary division 
to provide a more accurate/correct amount of overall fre 
quency division. 
0047 FIG. 6 shows a high level depiction 602 of the 
f(VBAT) frequency division circuit discussed just above. A 
first “primary' division stage 611 receives the output of the 
K1 division stage which includes both the f clk/K1 signal as 
well as thef clk signal. A second “residue' division stage 612 
receives the output signal from the primary division stage 
611. For the particular example being discussed herein, the 
primary division stage 611 performs the frequency division 
expressed in Eqn. 8a and the residue division stage 612 per 
forms the frequency division expressed in Eqn. 8b. 
0048 FIG. 7 shows another graphical technique for deter 
mining the actual division to be performed by the residue 
division stage 612. Here, FIG. 7 shows a plot of Eqn. 8b for 
the present example being discussed herein. That is, FIG. 7 
shows a plot of 

--9). 6.2*ADC OUTPUT CODE)-90.372)-((6*ADC 
OUTPUT CODE)+90) 
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0049 as a function of the ADC output code values for a 
V BAT range of 2.8 to 5.2 V. The observed graphical plot is 
clearly parabolic and can therefore be approximated by a 
parabolic equation. A circuit for adjusting the frequency divi 
sion by an amount equal to the observed parabolic trend of 
FIG. 7 is discussed in more detail further below with respect 
to FIG. 9. 

0050 FIG.8 pertains to an embodiment of the primary 
division stage circuitry 811 that implements an amount of 
frequency division equal to First f(VBAT) Division as 
expressed in Eqn.8a. As observed in the circuit design of FIG. 
8, a first divider circuit 801 is implemented with a pair of 2 bit 
counters 821, 822 each of which are provided a specific 
configuration setting in order to count to a correct value for a 
specific frequency division (a two bit counter has the ability to 
count to 4). Here, division by any of 4, 5, 6 or 7 is possible by 
arranging the pair of counters 821,822 to effectively count as 
an operative whole to 4, 5, 6 or 7 where the second counter 
increments a count in response to a toggle by the first counter. 
0051. That is: 1) to effect division by 4 the first counter 821 
counts to 2 and the second counter 822 counts to 2:2) to effect 
division by 5 the first counter 821 counts to 3 and the second 
counter 822 counts to 2: 3) to effect division by 6 the first 
counter 821 counts to 3 and the second counter 822 counts to 
3; 4) to effect division by 7 the first counter 821 counts to 4 
and the second counter 822 counts to 3. A register 823 that is 
programmed with the correct integer count/division value for 
the specific design (which is 6 with respect to the specific 
example presently being discussed as reflected in Eqn. 8a) is 
coupled to an encoder 824 which configures the pair of 
counters 821,822 with the correct count settings based on the 
value that is programed into the register 823. The register 823 
permits the circuit to Support a wide range of possible 
designs. 
0052. A second divider circuit 802 operates to effect fre 
quency division by an amount equal to the ADC OUTPUT 
CODE. As such, in an embodiment where the ADC OUT 
PUT CODE can be any value between 4 and 28, the second 
divider circuit is implemented with a five bit counter that can 
be configured to count to any value within a range of 4 to 28. 
A second register (not shown) that is coupled to receive the 
output of the ADC is coupled to the second divider circuit 802 
to provide it with the ADC OUTPUT CODE value. 
0053. The output of the second divider circuit 802 is then 
provided to a “trigger” or “start input of another counter 
circuit 803 that counts a specific number of master clock 
cycles (having frequency f. clk) after the trigger/start signal 
from the second divider circuit 802 is raised to effectively 
count the correct total number of master clock cycles for the 
First f(VBAT) Division calculation. That is, the output of 
the third counter circuit 803 provides a signal that corre 
sponds to the master clock having its frequency divided down 
by an amount equal to the value of First f(VBAT) Division 
(e.g., as expressed in Eqn. 8a). With respect to the specific 
example being discussed at length herein, the third divider 
circuit 803 includes a counter 803 that counts to a value of 90 
consistent with the presence of that term in Eqn. 8a. Another 
programmable register 825 is used to provide the value of 
"90' to the third counter circuit 803 (so that the same circuit 
can be used to support other designs having different first 
division equations than the specific division of Eqn. 8a). The 
output of the third counter circuit 803 is then directed to the 
residue division stage. 
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0054 FIG. 9 shows an embodiment 912 of the circuit 
design for the residue division stage. The residue division 
stage is similar to the counter circuit 803 in that it is designed 
to count for a number of additional master clock cycles based 
on a “start” or “trigger signal. Here, however, the “start” or 
“trigger signal is provided by the primary divider circuit 811 
and only a relatively few more master clock cycles at fre 
quency f. clk are counted out in order to effect the modest 
correction that the residue division stage 912 provides. 
0055 As observed from the graphical depiction of the 
FIG. 7, the residue division stage 912 is designed to count up 
to any integer value within a range of 1 to 9 inclusive depend 
ing on the particular value of the ADC OUTPUT CODE. As 
Such, the residue division stage is implemented as a series of 
three counters 921,922,923 each capable of counting up to 1, 
2, or 3 depending on the ADC OUTPUT CODE input value 
and the specific shape of the parabola. The correct overall 
counting performed by the residue division stage 912 is con 
figured by setting the appropriate count value for each of the 
three counter circuits 921, 922,923. 
0056. For example, if the residue division stage 912 is to 
count one more 1 clock cycle, a first of the counters 921 will 
count one master clock cycle after the start/trigger signal is 
raised and the remaining counters are bypassed. If the residue 
division stage it to count 2 master clock cycles, the first of the 
counters 921 will count two clock cycles and the second and 
third counters are bypassed. If the residue division stage is to 
count 3 master clock cycles, the first of the counters 921 will 
count three clock cycles and the second and third counters are 
bypassed. If the residue division stage is to count 4 master 
clock cycles, the first counter 921 counts to a value of 2, the 
second counter counts 922 to a value of 2 and the third counter 
923 is bypassed. If the residue division stage 912 is to count 
5 master clock cycles, the first counter 921 counts to a value 
of 3, the second counter 922 counts to a value of 2 and the 
third counter 923 is bypassed. The progression continues in 
kind. Ultimately, if the residue division stage 912 is to count 
to a value of 7 or higher all three of the counters 921,922,923 
are used (none or bypassed). 
0057. In a further embodiment, the counters 921,922,923 
are implemented as 1, 2, 2.5 or 3 counters to provide for even 
finer granularity correction. Here, the curve of FIG. 7 (rather 
than just the discrete values) is more closely approximated by 
permitting count values in 0.5 increments. For example, refer 
ring briefly to FIG. 7, for an ADC OUTPUT CODE of 8 or 
19, the residue division stage 912 would be configured to 
count to 2.5 by configuring the first counter to count to a value 
of 2.5. 

0058 As observed in FIG. 9 an encoder circuit 924 is 
designed to provide the correct configurations for the 
counters and any bypass paths based on the parabolic fit as a 
function of the ADC OUTPUT CODE value and the para 
bolic curve parameters. Parameters for the parabolic fit are 
programmed into a register 925 and provided to the encoder 
924. 
0059. The output of the residue division stage corresponds 
to the master clock signal having been divided down by an 
amount K1*f(VBAT). As discussed in relation to Eqn. 5 and 
FIG.3, this signal then has its frequency multiplied by a value 
that represents LED desired to produce a signal having the 
correct frequency for the inductor current to drive the LEDs to 
the correct illumination intensity. 
0060 FIG. 10 shows additional circuitry that can be used 
to perform “open LED protection' and “current overprotec 
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tion’. Here, Appendix II provides another theoretical deriva 
tion that shows that, under normal operation, the Voltage drop 
across the chain of LEDs (V LED) can be approximated as: 

V LED=1+(TchgTdis V BAT 

0061 where Tchg is the inductor charge time and Todis is 
the inductor discharge time. A circuit for measuring the 
inductor charge time (represented as parameter K1) was dis 
cussed above with respect to FIG. 4. The K1 value output 
from the K1 measurement circuit of FIG. 4 is also used as an 
input to the protection detect circuit 1001. 
0062 Another similar circuit 1002 counts the number of 
clock cycles it takes for the inductor to discharge to effec 
tively calculate Todis. In an embodiment, the circuit calculates 
Eqn.9 outright and compares the calculated value of V LED 
to an actual measured value of V LED that is provided as an 
input signal to the semiconductor chip. If the comparison 
demonstrates that the actual measured V LED is significantly 
larger than the calculated V LED and the measured Tais is 
larger than an expected/nominal/normal value (which indi 
cates the inductor is discharging exponentially rather than 
linearly) an open LED event is detected and the circuit is shut 
down. 
0063 Current overprotection is performed by measuring 
the Voltage drop across the external resistance R and if the 
voltage drop exceeds R* (maximum permissible current) then 
an over current event is detected and the circuit is shut down. 
Measuring the Voltage drop across R can be accomplished by 
calculating V BAT-SENSE. 
0064 FIG. 11 shows a method performed by an LED 
driver circuit as described herein. A frequency of a clock 
signal is divided down by a first amount that is proportional to 
a supply voltage 1101. Then the divided down clock signal 
frequency is multiplied by an amount proportional to a 
desired LED intensity to determine a frequency at which to 
operate a boost circuit that drives a plurality of LEDs. 
0065 FIG. 12 shows a depiction of an exemplary comput 
ing system 1200 such as a personal computing system (e.g., 
desktop or laptop) or a mobile or handheld computing system 
such as a tablet device or smartphone. As observed in FIG. 12, 
the basic computing system may include a central processing 
unit 1201 (which may include, e.g., a plurality of general 
purpose processing cores and a main memory controller dis 
posed on an applications processor or multi-core processor), 
system memory 1202, a display 1203 (e.g., touchscreen, flat 
panel), a local wired point-to-point link (e.g., USB) interface 
04, various network I/O functions 1205 (such as an Ethernet 
interface and/or cellular modem Subsystem), a wireless local 
area network (e.g., WiFi) interface 1206, a wireless point-to 
point link (e.g., Bluetooth) interface 1207 and a Global Posi 
tioning System interface 1208, various sensors 1209 1 
through 1209 N (e.g., one or more of a gyroscope, an accel 
erometer, a magnetometer, a temperature sensor, a pressure 
sensor, a humidity sensor, etc.), a camera 1210, a battery 
1211, a power management control unit 1212, a speaker and 
microphone 1213 and an audio coder/decoder 1214. The dis 
play 1203 may be an LED display that is driven by an LED 
driver circuit as described herein. 
0066 An applications processor or multi-core processor 
1250 may include one or more general purpose processing 
cores 1215 within its CPU 1201, one or more graphical pro 
cessing units 1216, a memory management function 1217 
(e.g., a memory controller) and an I/O control function 1218. 
The general purpose processing cores 1215 typically execute 
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the operating system and application Software of the comput 
ing system. The graphics processing units 1216 typically 
execute graphics intensive functions to, e.g., generate graph 
ics information that is presented on the display 1203. The 
memory control function 1217 interfaces with the system 
memory 1202. During operation, data and/or instructions are 
typically transferred between deeper non Volatile (e.g., 
“disk') storage 1220 and system memory 1202. The power 
management control unit 1212 generally controls the power 
consumption of the system 1200. 
0067. Each of the touchscreen display 1203, the commu 
nication interfaces 1204-1207, the GPS interface 1208, the 
sensors 1209, the camera 1210, and the speaker/microphone 
codec 1213, 1214 all can be viewed as various forms of I/O 
(input and/or output) relative to the overall computing system 
including, where appropriate, an integrated peripheral device 
as well (e.g., the camera 1210). Depending on implementa 
tion, various ones of these I/O components may be integrated 
on the applications processor/multi-core processor 1250 or 
may be located off the die or outside the package of the 
applications processor/multi-core processor 1250. 
0068 Embodiments of the invention may include various 
processes as set forth above. The processes may be embodied 
in machine-executable instructions. The instructions can be 
used to cause a general-purpose or special-purpose processor 
to perform certain processes. Alternatively, these processes 
may be performed by specific hardware components that 
contain hardwired logic for performing the processes, or by 
any combination of programmed computer components and 
custom hardware components. 
0069 Elements of the present invention may also be pro 
vided as a machine-readable medium for storing the machine 
executable instructions. The machine-readable medium may 
include, but is not limited to, floppy diskettes, optical disks, 
CD-ROMs, and magneto-optical disks, FLASH memory, 
ROMs, RAMs, EPROMs, EEPROMs, magnetic or optical 
cards, propagation media or other type of media/machine 
readable medium Suitable for storing electronic instructions. 
For example, the present invention may be downloaded as a 
computer program which may be transferred from a remote 
computer (e.g., a server) to a requesting computer (e.g., a 
client) by way of data signals embodied in a carrier wave or 
other propagation medium via a communication link (e.g., a 
modem or network connection). 
0070. In the foregoing specification, the invention has 
been described with reference to specific exemplary embodi 
ments thereof. It will, however, be evident that various modi 
fications and changes may be made thereto without departing 
from the broader spirit and scope of the invention as set forth 
in the appended claims. The specification and drawings are, 
accordingly, to be regarded in an illustrative rather than a 
restrictive sense. 

Appendix I 

0071 Derivation of the polynomial function dependency 
of optimum switching frequency FSW. 
0072 FIG. 1 Inductor coil current charging & discharging 
from the LED driver 

0073. The current in the coil is as shown above, 
0074) 1. Coil Charge equation: VBAT-VCMPI/ 
L-peak/Tchg during time Tchg 

0075 2. Coil Discharge equation: IVLED+Vfd-VBAT 
/L=Ipeak/Tais; Vfd->shotcky diode during time Tdis 
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(0076 3. Tsw-1/FSW; Switching time or switching fre 
quency of the LED Driver 

0077 VBAT Supply; VCMP is the comparator value 
which sets the peak current; Rshunt Sense resistor; Vfd— 
Schottky diode forward Voltage; L-coil value 
0078. The coil charging time is measured by counting the 
number of clock cycles till the peak current is reached & the 
count is K1, 

0079 4. Tchg-K1*TCLK 
0080 5. Average Led current “lavg led' is dimmed in 
100 steps (Intensity: 0-100) from the maximum value 
“Imax led; lavg led=(Imax led/100) led intensity 

I0081 6. (peak=VCMP/Rshunt 
I0082 From FIG.9 the average LED current can be calcu 
lated as, 

I0083. Substituting for “Tais' from equation 2 
lavg led=0.5*Ipeak* Ipeak* L/ITsw'(VLED+Vfd 

VBAT) 

0084 Substituting for “L” & K1 from equation 1 & 4 

0085. Substituting for “lavg led from equation 5 & Tsw 
from equation 3 

I0086 Optimum Switching Frequency for a required LED 
intensity is given by 

FSW=Rshunt (VLED+vifl-VBAT)*(Imax led/100)* 

0087. The above equation can be decomposed into a func 
tion F(VBAT), as the parameters (VCMP Rshunt, VLED & 
Imax led) are constants for a given LED configuration on the 
application board. 
0088. Where, 

FSW=DIV by F(VBAT)*DIV by K1)*(led inten 
sity)*FCLK 

0089. From the above equation the LED current can be 
accurately controlled by a Frequency locked loop determined 
by appropriately dividing the system clock FCLK by a poly 
nomial function of VBAT, measured charging time count K1 
& led intensity. 

Appendix II 

0090. It can be proven from charge & discharge equations 
of the inductor (as shown in section appendix) that the LED 
driver Switching frequency is a polynomial function of Supply 
& charging time of inductor for a required LED intensity. 

FSW=DIV by F(VBAT)*DIV by K1)*(led inten 
sity)* FCLK) 

(for derivation see Appendix I) 
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(0091. FSW: LED Driver switching frequency, 
0092 F(VBAT): polynomial function of supply, led in 
tensity: desired LED brightness & 
(0093. FCLK: System clock 
0094. A frequency locked loop which consists of dividers 
of supply function F(VBAT), charging time count (K1) & 
required LED intensity generates an optimum Switching fre 
quency (FSW) of the LED driver. This optimum switching 
frequency FSW will give an average LED current which 
corresponds to the required LED intensity. 
0.095 Realization of DIV by K1: 
0096 Charging time of the inductor “Tchg” is measured 
inductor by means of a sense resistor“Rshunt' & peak current 
detect comparator. The number of system clock cycles 
(1/FCLK) taken from the start of the switching cycle to the 
time the comparator trips is measured & the count is pro 
grammed into the divider K1. 

0097 FIG. 2 Inductor coil current charging & discharging 
from the LED driver 
(0098 Realization of supply function DIV by F(VBAT): 

F(VBAT)=(0.5*VCMP*(VBAT-VCMP)/Rshunt: 
(VLED-VBAT)* (Imax led/100) 

(for derivation please see Appendix I) 
0099. The above equation is of the form p(x) / qCX) & can 
be approximated into a 1 order linear function Y(VBAT) 
=mVBAT+C. 
0100 Again from the coil current equations, 

Tchg(charge time)=Ipeak*L/(VBAT-Vcmp); 

Tdis(discharge time)=Ipeak *L (VLED+Vfd-VBAT); 

0101 Normally VLEDisatleast 20 to 30 times higher than 
Vfd & VBAT is about 10-15 times higher than VCMP & so 
Vfd & VCMP can be neglected to a first order approximation 
& the equation becomes, 

VLED=1+(Tchd/Talis)*VBAT. 

We claim: 
1. An apparatus, comprising: 
an LED driver circuit comprising a series of frequency 

dividers to divide a clock signals frequency to produce 
a frequency divided clock signal, said series of fre 
quency dividers coupled to a frequency multiplier cir 
cuit, said frequency multiplier circuit to multiply said 
frequency divided clock signals frequency by an 
amount proportional to a desired LED intensity. 

2. The apparatus of claim 1 wherein said series of fre 
quency dividers include a first frequency division stage to 
perform frequency division that is linear with a Supply Volt 
age. 

3. The apparatus of claim 2 wherein said first stage includes 
a series of count circuits whose count value is configurable. 

4. The apparatus of claim 2 wherein said first stage includes 
a count circuit that receives an output from an ADC that is 
coupled to receive said Supply Voltage. 

5. The apparatus of claim 2 wherein said first stage include 
a count circuit that receives a trigger signal that causes said 
count circuit to begin counting cycles of said clock signal. 

6. The apparatus of claim 1 wherein said series of fre 
quency dividers include a following frequency division stage 
that follows a preceding frequency division stage, the preced 
ing frequency division stage to perform linear frequency divi 
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sion as a function of supply Voltage, the following frequency 
division stage to perform corrective frequency division upon 
the linear frequency division. 

7. The apparatus of claim 6 wherein the corrective fre 
quency division is a parabolic function of said Supply Voltage. 

8. The apparatus of claim 7 wherein the LED driver circuit 
includes register space to programmably receive parameters 
of a parabola to provide to said following frequency division 
Stage. 

9. An apparatus, comprising: 
an LED driver circuit having a first input to receive a first 

voltage from a first end of a resistor, said LED driver 
circuit having a second input to receive a second Voltage 
from a second end of said resistor, said resistor to be 
placed in series with an inductor, said inductor to boost 
a supply voltage to drive a series of LEDs, said LED 
driver circuit including circuitry to establish a frequency 
of said inductor's current, determine an open LED con 
dition and determine an over current condition by mea 
Suring said first and second Voltages. 

10. The apparatus of claim 9 wherein said resistor is to be 
placed external to a semiconductor chip on which said LED 
driver circuit is disposed. 

11. The apparatus of claim 9 wherein said LED driver 
circuit includes register space to receive programmed values 
that are provided to frequency division stages. 

12. The apparatus of claim 11 wherein said frequency 
division stages are coupled to a frequency multiplier circuit 
that determines said frequency of said inductor's current. 

13. A computing system, comprising: 
a plurality of processing cores; 
a memory controller coupled to said processing cores; 
an LED display; 
an LED display driver coupled to said LED display, said 
LED display driver comprising: 
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an LED driver circuit comprising a series of frequency 
dividers to divide a clock signals frequency to produce 
a frequency divided clock signal, said series of fre 
quency dividers coupled to a frequency multiplier cir 
cuit, said frequency multiplier circuit to multiply said 
frequency divided clock signals frequency by an 
amount proportional to a desired LED intensity. 

14. The computing system of claim 13 wherein said series 
of frequency dividers include a first frequency division stage 
to perform frequency division that is linear with a Supply 
Voltage. 

15. The computing system of claim 14 wherein said first 
stage includes a series of count circuits whose count value is 
configurable. 

16. The computing system of claim 14 wherein said first 
stage includes a count circuit that receives an output from an 
ADC that is coupled to receive said Supply Voltage. 

17. The computing system of claim 14 wherein said first 
stage include a count circuit that receives a trigger signal that 
causes said count circuit to begin counting cycles of said 
clock signal. 

18. The computing system of claim 13 wherein said series 
of frequency dividers include a following frequency division 
stage that follows a preceding frequency division stage, the 
preceding frequency division stage to perform linear fre 
quency division as a function of supply Voltage, the following 
frequency division stage to perform corrective frequency 
division upon the linear frequency division. 

19. The computing system of claim 18 wherein the correc 
tive frequency division is a parabolic function of said supply 
Voltage. 

20. The computing system of claim 19 wherein the LED 
driver circuit includes register space to programmably receive 
parameters of a parabola to provide to said following fre 
quency division stage. 

k k k k k 


